Drillability is influenced by many factors, including machine parameters and rock properties. The main machine parameters for drilling include rotational speed, thrust force, torque and flush pressure. The specific rock characteristics that affect penetration rate comprise uniaxial compressive strength (UCS), tensile strength, Young's modulus, hardness and brittleness. In this study, drilling rate index (DrI) is attempted to predict based on UCS and Brazilian tensile strength (BTS) of rocks. Simple and multiple regression analyses have been carried out to determine the best measure of the relation between DrI and two geomechanical properties. The DRI value is strongly related to the uniaxial compressive strength and indirect tensile strength. However, when the uniaxial compressive strength and tensile strength of rock are jointly considered, the correlation coefficient increases. The relationship between the geomechanical properties (UCS, BTS) and the DRI were determined using multiple regression analysis. Strong relationships were obtained from these analyses for the rock strength (UCS) above and below 100 MPa with the correlation coefficients 0.81 and 0.88 respectively.The results of the regression analyses show that for more precise prediction of DRI, rocks should be classified according to their strength.
INTRODUCTION
Drillability, one of the most important considerations in rock excavation, can be defined as the ease of drilling a rock mass at a certain time to a certain length with a drilling bit. The drillability of rock is affected by numerous factors related to the drilling machine's working parameters and geotechnical characteristics of the rock mass. The machine parameters include the drilling method, bit types and shapes, and the technical features of the drilling rig used. The geotechnical parameters influence the drilling performance and the wear of bits and include the condition and structure of rock mass and mechanical behaviour and mineral composition of rock materials. Therefore, when evaluating a rock mass from the point of view of its penetrability, qualitative and quantitative effects of the most important drilling parameters must be considered. Pandey et al. (1991) investigated the relationships between penetration rate values obtained from micro-bit drilling tests and compressive strength, tensile strength, shear strength and Protodyakonov strength index and found them to be logarithmic. Thuro (1996) reported unconfined compressive strength (UCS), Young's modulus and tensile strength as the rock properties frequently used in prediction of penetration rates. Kahraman (1999) developed a prediction model for down-the-hole and hydraulic drilling in open pit mines using regression analysis. This author determined UCS to be the dominant rock property for predicting performance of rotary and hydraulic top hammer drilling machines. He also found bit diameter, weight on bit and rotational speed as the most significant parameters affecting penetration rate in air-operated rotary drills that use tri-cone bits. Kahraman et al. (2000) developed a drillability index for predicting the penetration rate of rotary drills. The authors reported this drillability index to have a significant correlation with the proportionality constant k and recommended the universal use of their proposed model for estimating the penetration rate of rotary blasthole drills. Altindag (2002) demonstrated the penetration rate to be closely related to rock brittleness. Bilgin and Kahraman (2003) correlated the net penetration rate of rotary blasthole drills with rock properties and found that the UCS, point load strength, Schmidt hammer (SH) value, Cerchar hardness and impact strength exhibit strong correlations with penetration rate. Kahraman et al. (2003) This study is applied to rocks coming from different locations in Turkey and the world. According to test results, multivariable functions are derived to estimate DrI for rocks featuring UCS above and below 100 MPa.
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LABORATORY STUDIES
In this study standard test samples were prepared from rock blocks and core samples which were collected from the field for laboratory tests. Uniaxial compressive strength, Brazilian tensile strength and drillability tests were carried out on 31 different rock samples. The summaries of the test results are given in Table I .
DETERMINATION OF DRI
DrI is a measure of the difficulty or ease of drilling rock, and it was developed at the Figure 1 ) by measuring the hole depth in a rock sample after 175-200 revolutions of drill bit in 1/10 mm. The test is repeated four to eight times for each rock sample, and Sievers'J value is the mean value of measured test-hole depths.
Brittleness value, S 20 , is an indirect measure of rock resistance to crack growth and crushing by repeated impacts (Figure 2 ). This test, developed by N. von Matern and A. Hjelmer in 1943 (Dahl 2003) , is performed in three equal extractions in 11.2-16.0 mm fraction. The aggregate volume of rock sample corresponds to that of a 500 g aggregate with a density of 2.65 g/cm 3 in the 11.2-16.0-mm fraction (Puhakka 1997). Brittleness value is calculated as the percentage of undersized material that passes through an 11.2 mm mesh after 20 drops of a 14 kg hammer and is presented as the mean value of three or four parallel tests.
The diagram shown in Figure 3 shows how DrI is determined based on brittleness S 20 and Sievers'J values (Dahl 2003) .
UCS TEST AND BRAZILIAN TENSILE STRENGTH (BTS)
The UCS and BTS tests have been conducted according to the standards suggested by the International Society for rock Mechanics (ISrM) (Ulusay and Hudson 2007). Uniaxial compression tests were carried out on trimmed cylindrical core samples, having a length-to-diameter ratio of 2.0-2.5. The samples are loaded with a loading rate of 0.5 -1.0 MPa/s.
BTS tests were performed on core samples with a thickness-to-diameter ratio of 0.5. The tests have been repeated for each rock type at a loading rate of 20 kgf/s, and average of the test results were recorded as the tensile strength value.
STATISTICAL ANALYSIS
regression analysis is a type of statistical evaluation that enables the description of relationships among the dependent (response) variables and the independent (regressor) variables, and estimation of the values of the dependent variables from the observed values of the independent variables.
Linear regression methods are appropriate when the relationship between the dependent variables and independent variables can be built linearly. In this study, both simple linear and multiple linear regression models were used to describe the relations between the DrI and the rock strength, UCS and BTS. SIGMAPLOT 11.0 software has been used for statistical evaluations. The independent samples t-test and one way ANOVA has been used to analyze and interpret the data.
Statistical evaluations were carried out in two stages. In the first stage, test results are evaluated without any classification. The results of first analysis shows that it is good to classify the data according to UCS values. In the second stage, simple and multiple linear regression analyses were performed for estimating the DrI values of rocks with UCS values above and below 100 MPa.
The function (Equation 1) between UCS and DrI was determined using statistical analysis. As given in Figure 4a , it can be seen that there is no linear relationship between the UCS and DrI (r=0.33). By means of statistical analysis of BTS and DRI, the function (Equation 2) was obtained that defines the relation between the BTS and DRI values. The function was derived using the least squares method. As seen in Figure 4b , the low r (0.588) value means that there is no linear relationship between BTS and DRI. Multiple regression analysis was also performed for the unsorted data to determine the predictability of the DRI based on UCS and BTS As shown in Figure 6b , the low r (0.56) value indicates that there is no significant relationship between the DRI and BTS for this group.
A second multiple regression analysis was performed for UCS and BTS versus DRI. The significance of this model was noted by citing the R (0.812) and R square (0.660) values, which show the strength of the model. For the final results, one can say that the F c ratio (in the ANOVA results shown in Table III ) is 10.71 and is significant at p < 0.001. The F t ratio from the F-Distribution Table ( for α = 0.05) is 3.98. The F t < F c and p < 0.05 result shows 
REGRESSION ANALYSIS FOR UCS VALUES BELOW 100MPa
In the statistical analysis of DrI and UCS, the formula (Equation 7) was obtained that defines the relation between the DrI and UCS values which are below 100MPa. The formula was derived using the least squares method, as shown in Figure 8a . As it can be seen from the plot, the high value (0.793) of r is consistent with the positive relationship between the DrI and UCS. Figure 8b shows the relation between DRI and BTS for the same group. Equation (8) defines the relationship between DRI and BTS for the samples having UCS below100 MPa. The high R (0.784) value shows that there is a strong correlation between two groups. that the null (H 0 ) hypothesis is rejected. This yields a strong proof for a linear relationship (Equation 6) between the response (DrI) and the two explanatory variables (BTS and UCS, Figure 7) . A third multiple regression analysis was carried out for the prediction of the DRI based on the BTS and UCS values, and the results of the regression are given in Table IV . According to our multiple regression analysis, the BTS versus DRI and the UCS versus DrI results indicate that there may be a linear relationship (Equation 9) (R = 0.884, Rsqr = 0.781). The adjusted R square value shows that this model attributes for 78.15% of the variance in the DRI, which is significant. In Table IV , when df 1 = 2 and df 2 = 14, the Ft-value from the F-Distribution Table ( for α = 0.05) decreases to 3.74, whereas the calculated Fc value is 25.04. In other words, F t is significantly smaller than F c . Additionally, the P-value is smaller than 0.05, which supports the proof for a linear relationship between the DrI and the two explanatory variables. As a consequence the multiple regression equation used to determine the results given in Table IV , can be used for the prediction of DrI (Figure 9 ). 104.40 0.407 3.043
S=7.0 R-sq = 78.15% R-sq(adj)75.03% R-sq(pred)=64.91%
RESULTS AND DISCUSSION
Drillability of a rock is affected by many different factors, such as drilling machine parameters and geotechnical characteristics of rock mass. Especially, condition and structure of rock mass, In this study, correlations between the DrI and two geomechanical properties of rocks were investigated. Using simple and multiple regression analyses, the degree was determined to which DrI values can be estimated based on rock strength. The results were profoundly discussed in the following paragraphs.
According to first simple and multiple regression analysis, the rocks should be classified according to their strength so that the analysis is to estimate the relations more precisely. In the case of simple and multiple regression analyses that rocks were classified according to their strength, linear relations with different correlation coefficients have been obtained in cases where strength is above and below 100MPa.
Based on simple regression analysis, it was found that DrI has a strong (r=0.73) relation with the UCS for the rocks with strength above 100 MPa. For the rocks having a strength lower than 100MPa, it was also found a more strong relationship between DRI and UCS with a correlation coefficient of 0.79.
A relationship between the geomechanical properties (UCS, BTS) and the DRI was determined using multiple regression analysis. Strong relationships were obtained from these analyses for the rock strength above and below 100MPa with the correlation coefficients 0.81 and 0.88 respectively.
As a result of regression analysis, estimating DrI values yield better results by classifying rocks according to UCS values. 
